ABSTRACT Automatic steering system of self-driving vehicles has significant influence on vehicle safety. The performance of automatic steering system is affected by external disturbance, parameter perturbation, and real-time ability of control algorithm. First, to develop a high-performance automatic steering control strategy, a vehicle-road system model based on vehicle dynamics and kinematics is established. Then, the system state equation with direction-angle and lateral-position deviations is derived to describe the tracking accuracy. Finally, based on the sliding mode variable structure control method, an automatic steering control algorithm is proposed and verified. The results show that the dynamic quality of the system is improved with the optimization of the sliding mode. Furthermore, good robustness against vehicular velocity, real-time performance, and tracking accuracy is achieved.
I. INTRODUCTION
Unmanned vehicles are gaining increasing attention from academia and industry [1] - [4] , which are expected to achieve fully automatic driving on public road within a few years [1] , [2] . However, due to the existing problems of traffic context awareness, complex driver-vehicle interactions, driving decision making and motion control [2] - [4] , further researches on fully automatic driving are still needed. With the deeper study of unmanned vehicles in recent years the motion control, specially, lateral and longitudinal of unmanned vehicles has become a hot topic [4] - [8] . Nowadays, with the growing concept of connected vehicles, traffic information is expected to be more specific [9] , [10] . More specific traffic information means higher requirements of the bottom execution system of vehicle. The stability and reliability of bottom control system are particularly important.
As for unmanned vehicles, automatic steering system operates the steering wheel instead of human driver.
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Automatic steering system is the bottom execution part of lateral control. Its performance has great influence on the driving performance. By adjusting the steering wheel angle automatically, the lateral motion control and desired path tracking are realized [11] , [12] . The path tracking precision is one of the most rudimentary parameters to measure the performance of automatic steering systems [12] , [13] . In addition, the adaptability and robustness of steering systems also show important effect on the automatic steering system.
At present, a lot of studies on the control strategy of automatic steering system have been conducted. A variety of stable and effective steering control methods have been presented [14] - [17] . In the Defense Advanced Research Projects Agency (DARPA) Grand Challenge [7] , the Pure Pursuit algorithm has been widely applied. And shows good tracking accuracy at low speed, but large errors would occur at higher speed [8] . Based on partial feedback Proportion Integration Differentiation (PID) control theory, Netto M proposed an automatic steering controller [18] . The tracking accuracy still needs to be improved. PID control was also used in Chen's research [7] , [8] , the steering control parameters at different speeds were optimized. Although the automatic steering control strategies based on PID theory depend less on system model [19] , [20] . Due to the inborn limitation of algorithm, the control system based on PID theory is unable to adapt to external disturbances. Alexander K et al designed a lateral controller based on optimal control theory [21] . The controller has achieved good control accuracy without external disturbances. But the stability and robustness of the system are significantly affected with external disturbance [21] , [22] . In order to describe the time-varying features of unmanned ground vehicle, J Guo et al designed a Linear Parameter Varying (LPV) model [23] , and a robust gain-scheduling steering control strategy was proposed to ensure the control accuracy. In addition to the above theories, advanced control theories, such as fuzzy control [24] , immune algorithm [25] , neural network control [26] , model predictive control (MPC) [27] , genetic algorithm and sliding mode control (SMC) [7] , [8] , [28] have also been widely used in steering control of unmanned vehicles. Sliding mode variable structure control system is robust to parameter perturbation and external disturbance [29] . However, as the chattering is inevitable, sliding mode control is not widely applied to the practice engineering. Robust backstepping sliding mode control has been proved as an effective way for a nonlinear system with parameter perturbation and external disturbance.
Influenced by the uncertain parameters and external disturbance, further study of automatic steering control is required [19] - [21] . In general, the applicability of the control algorithms needs to be improved. Most algorithms could not fully adapt to the unforeseeable problems caused by parameter changes or disturbance. The tracking accuracy and steering control accuracy remain to improve. In the design of control algorithm, key parameters such as longitudinal velocity should also be considered. And lastly, most researches on steering control strategy of unmanned vehicle are based on theoretical research and simulation experiments. The correctness and practicability of strategy have not been tested and verified by real vehicle test.
Given above analysis, an automatic control strategy for unmanned vehicle is developed in this paper. The main contributions of this paper could be summarized as follows: (i) a vehicle-road system model which could describe the dynamics features of autonomous vehicle steering maneuver is proposed. (ii) A sliding mode robust control strategy based on backstepping theory is proposed, which could effectively deal with the features of external disturbance and time varying of unmanned vehicles. (iii) Extensive simulation and real vehicle test are carried out, the steering performance is manifested. The rest of this paper is organized as follows: system models are presented in section II. Section III and section IV give a detailed description about the design and verification of automatic steering control algorithm. Conclusions are achieved in Section V. 
II. SYSTEM MODELING
The model describing vehicle motion state can be divided into kinematic model and dynamic model according to its function. In order to satisfy the study of automatic steering control of unmanned vehicles, the kinematic and dynamics characteristics of vehicles should be considered simultaneously in this paper. Therefore, in this section, vehicle kinematics model, dynamics model and vehicle-road system dynamics model are established.
A. VEHICLE KINEMATICS MODELING
The vehicle steering kinematics model is shown in figure 1 . In which OXY is the absolute inertial frame, oxy is the vehicle coordinate system, and o is the midpoint of the vehicle's front and rear axle, ϕ is the angle between x axis of the vehicle coordinate system and the X axis of the world coordinate system. The vehicle's current coordinates are (x 0 , y 0 ),the vehicle's current position can be expressed as (x 0 , y 0 , ϕ 0 ), and δ 0 is the current front wheel angle of the vehicle.
The velocity of vehicle centroid is:
The angular velocity of vehicle centroid is:
In order to simplify the control problem, tire lateral slip is ignored. And the motion of vehicles in the OXY plane is the only consideration in this paper. The kinematic model of the vehicle could be simplified as:
B. VEHICLE DYNAMICS MODELING
The movement of unmanned vehicle is simplified as a free movement in the ground plane. The steering system controls the yaw motion and lateral motion of unmanned vehicle. Vehicle lateral acceleration can be considered to be small under normal working conditions. And the influence of the steering system on the vertical motion of the vehicle can be neglected. Therefore, a simplified two-wheel dynamic mathematical model is derived and established in this paper, as shown in figure 2 . Assuming that the centroid of the vehicle is the origin of the vehicle coordinate system and its position remains unchanged. In steering maneuvers, the motion of vehicle involves the longitudinal movement and rotation. In order to facilitate calculation, the motion of vehicles can be idealized into the form of figure 3. The axle of the vehicle is parallel to the oy axis of the vehicle coordinate system, and the lateral stiffness of tires takes constant value. The speed of the vehicle is constant, only the direction changes. Therefore, when the velocity changes very slowly, the longitudinal velocity variation of the vehicle can be presented as follows:
When θ is very small, the equation (4) can be approximately expressed as: u − v θ According to this equation, the absolute acceleration of vehicle along the ox axis can be obtained:
The lateral acceleration can also be obtained:
The differential equation of two-degree-of-freedom dynamics model can be described as:
Equation (7) can be described with the variable of the front wheel angle:
Lateral tracking of self-driving vehicle contains the following processes: firstly, an available path point sequence based on environmental information is generated. Then the bottom execution system operates vehicle to realize path tracking. Its tracking process conforms to the feature of preview follower model [7] , [8] , [30] . The vehicle dynamics model and the preview-follower model are connected to analyze the effect of different variables. In order to design the steering control strategy, the lateral deviation and heading angle deviation of vehicle centroid are taken as the control variables of steering control system. According to the above analysis, in this section, a vehicle-road system model base on the preview optimal curvature model is established. The lateral deviation of preview point is:
where the L is the forward preview distance, Y is the lateral position deviation, β is the sideslip angle of the vehicle, ω is the yaw rate. ϕ is the direction angle deviation, which can be expressed as˙
where the ρ is the curvature of road at the preview point. In order to ensure the stability and comfort of vehicles during steering maneuver, the curvature of the ideal path should be changing continuously and slowly. In this case, the value of β could be neglected. The expression formula of vehicle preview lateral position deviation and heading angle deviation can be simplified to:
The vehicle-road system dynamics model can be obtained by combining equation (11) with vehicle kinematics model and vehicle dynamics model.
where the v 1 is the longitudinal speed of unmanned vehicle, v 2 is the lateral speed of vehicle, ρv could be seen as the known curvature interference of the road.
The input and output of the model could be obtained based on the system state space. The purpose of designing control law is to minimize the values of ϕ and y. Therefore, based on equation (12), the vehicle road system model can be described by deviations. Second order form of the output variables is introduced into the state vector and the state vector space is converted to [˙ ϕ, ϕ,˙ y, y,δ] T . The vehicle-road system model system state space is expressed as:ẋ
where
III. DESIGN OF AUTOMATIC STEERING CONTROL ALGORITHM
Sliding mode variable structure control has the advantages of fast response and strong robustness [27] , [29] . It is proved to be effective on the control of nonlinear time-varying systems [23] , [24] . The robust sliding mode control system based on backstepping is widely applied because of its high convergence performance [31] , [32] . The robust sliding mode control based on backstepping can comprehensively consider the control law and the robustness of the system. It could be used to improve the performance of unmanned vehicle automatic steering control system. The basic idea of this algorithm is to decompose the complex nonlinear or linear system into a number of subsystems [33] . Then independent Lyapunov functions are designed for each subsystem. And the intermediate virtual control variables are introduced to satisfy the stability of system. The robust sliding mode control based on backstepping could meet the real-time requirements of on-line control [34] , [35] . The essence of introducing virtual control is to achieve static compensation. The subsystem must be controlled by the system to achieve the goal of stabilization.
The aim of the automatic steering control system is to make the heading deviation and lateral position deviation of vehicle-road system close to 0. Therefore, front wheel steering angle is selected as control variable to design the controller in this paper. And the main control objective is to make lateral position deviation and its derivatives converge to 0. Besides, heading deviation should satisfy the convergence condition. The yaw angle of vehicle lateral motion under normal working conditions is generally small and its value could be measured by sensors. Therefore, both the heading deviation and its derivatives are known as disturbances in the system, which denoted by H . Since higher order derivatives of state variables would be derived from the feedback system using the Back-stepping method, model reduction is needed. For steering control system of unmanned vehicle, besides restricting the centroid position of vehicle, the driving stability and safety under various working conditions should also be considered. For these reasons, the design value and rate of the control system should be limited by the mechanical saturation interval of vehicle. In this case, the change value and rate of front wheel angle would be lower than the saturation value of the VOLUME 7, 2019 steering system.
The purpose of the controller is to solve u, which makes the error between the actual value y and the expected value y d of the system approaches to 0. That means when t → ∞, the tracking error e = y − y d → 0. The partial interference of unmanned vehicle could be regarded as known interference input. The robustness of the system can be improved by estimating unknown disturbances by the algorithm.
The design process of steering controller based on sliding mode control for the steering system of unmanned vehicle is as follows:
Set the lateral position deviation function of path tracking:
Differentiate the lateral position deviation function of path tracking:ż
Define the Lyapunov function:
In order to make the value of z 1 approaches to 0,ẋ 2 is selected as the virtual control input variable based on equation (14) . And record the error as z 2 , which could be expressed as:
where c 1 is constant. By substituting equation (18) into equation (16),ż 1 could be expressed as:
The sliding surface is defined as:
where c is the coefficient of the switching function and c is positive. Define the Lyapunov function:
The sliding mode variable structure control law is designed as follows:
where the H is known interference, and c, c 1 , k, and ε are the control parameters that need to be designed. In order to eliminate the chattering phenomenon, in practice, the saturation is adopted to replace sign function. Where ρ is a constant.
To improve the robustness of backstepping sliding mode, the sliding mode term is introduced to overcome the disturbance and enhance the robustness of the controller.
Substitution control law u into the formula, then:
where:
h Therefore:
In order to ensure that Q is positive definite matrix, then there is:
There exist:
By adjusting the value of h, c 1 , k 1 , make the value of the equation above satisfy |Q| > 0, so that Q is positive definite matrix andV 2 ≤ 0. Thus, the system state always lies on the sliding mode surface when it tends to zero, which enhances the robustness of the system. 
IV. SIMULATION AND EXPERIMENT

A. SIMULATION TEST
In order to test the steering performance of the proposed automatic steering control strategy. Co-simulation based on CarSim and MATLAB/Simulink is presented to compare the proposed approach with sliding mode control strategy. In CarSim, a virtual vehicle dynamics model with tire model is built. In order to ensure the comprehensiveness of simulation research, multiple simulation experiments under different conditions and speed are required. Ring road scenario is selected in the simulation experimental conditions.
The specific parameters of the simulation experiment are as follows: A ring road scenario is constructed in CarSim environment. The radius of the constructed ring road is 150m; the vehicle driving condition is good and the road adhesion coefficient is 0.85; the vehicle runs in the ring road according to the preplanned trajectory. The constructed virtual vehicle model parameters are shown in Table 1 . To compare the performance of proposed controller, the tracking performance of sliding mode controller is given. The parameters of approach law of sliding mode are 0.25 and 0.7, respectively.
The vehicle is moving with constant velocity (20km/h, 40km/h, 60km/h, 80km/h, 100km/h); the simulation architecture and the constructed ring road are shown as figure 5.
The simulation results are shown in figure 6 . As shown in figure 6(a) , the proposed approach has higher control accuracy. It could improve tracking accuracy of ring road experiment effectively. The lateral tracking error of the unmanned vehicle is stable to 0.029m when the velocity is 20km/h; the lateral tracking error is stable to 0.035m when the velocity is 40km/h; the lateral tracking error is stable to 0.063m when the velocity is 60km/h; the lateral tracking error is stable to 0.104m when the velocity is 80km/h; the lateral tracking error is stable to 0.188m when the velocity is 100km/h. Figure 6(b) shows the simulation results of sliding mode control strategy. As shown in the figure, the lateral deviation is obviously larger than the proposed approach at same speed. Besides, with vehicle speed variation, the control precision and the convergence speed of algorithm are affected obviously. These simulation results show that: Firstly, the proposed automatic steering control strategy based on robust backstepping sliding mode control theory has higher lateral tracking accuracy in ring road path tracking experiment. Secondly, the proposed control algorithm could converge quickly and reduce steady state error effectively. Thirdly, the proposed control algorithm shows good robustness which could against the external disturbance such as velocity variation.
B. EXPERIMENTAL TEST
In order to verify the performance of the autonomic steering control strategy proposed in this paper. A series of comparative experiments are carried out on an experimental vehicle as show in figure 7 . The experimental vehicle is equipped with dSPACE-MicroAutobox, differential Global Positioning System (GPS) and automatic steering system. The driving trajectory and the real-time running data of experimental vehicle could be recorded accurately. The velocity of experimental vehicle varies from 15km/h to 20km/h in the experiment.
An irregular circular reference trajectory as shown in figure 7 is applied to test the proposed approach. As shown in figure 8(a) , the selected trajectory consists of a small curvature turn (C), a right-angled turn (B) and a large curvature U-turn (A), which could ensure the diversity of experimental scenarios. Figure 8 shows the path tracking performance comparison of the proposed controller and sliding mode controller. The experiment results show that both controllers could make vehicle track desired path. The controller proposed in this paper has better tracking performance and stronger robustness against external disturbance. Figure 8(a) shows the desired path and the real path in the experiment. It can be found that the tracking accuracy is relatively high on the straight road. Figure 8(b) and figure 8(c) show the enlargement of the error between desired path and real path. It can be found that the lateral error increases gradually when the vehicle is turning from straight road to curved road, and decreases gradually in the turning process, which means the algorithm has chattering phenomenon, but it could quickly converge and stabilize. In this experiment, the lateral tracking error is the minimal while the unmanned experimental vehicle passing through the small curvature turn (C). The average lateral error of turn (C) is 0.063m. The lateral tracking error is moderate while the unmanned experimental vehicle passing through the right-angled turn (B). The average lateral error of turn (B) is 0.087m. The lateral tracking error of is the maximal while unmanned experimental vehicle passing through the large curvature U-turn (A). And the average lateral error of turn (A) is 0.128m. Figure 8(d) shows the lateral error of vehicle tracking in experiment, the maximum lateral error of tracking is 0.394m, the minimum value is 0.029m, and the average value is 0.063m. Figure 9 shows the response of steering wheel angle. The curve of target steering angle is smoother than the real steering angle curve. That's because the controller kept working at high frequency during the experiment. Small change of the external state would be reflected in the output of steering wheel angle. In figure 9 , the proposed controller exhibits better performance with higher control accuracy and better dynamic performance than that of sliding mode controller. The average value of steering wheel error is less than 2 degree. The result shows the proposed automatic steering system has good real-time performance and steering accuracy. The latency of steering wheel and steering wheel angle error are within reasonable limits.
V. CONCLUSION
This paper proposes an automatic steering control strategy for unmanned vehicles. In order to describe the time-varying dynamic variables in the process of steering maneuver, vehicle dynamics, kinematic and vehicle-road system models are established in this paper. Based on robust back-stepping sliding mode control theory, an automatic control strategy is proposed. In order to verify the performance of the proposed algorithm, co-simulation of CarSim/Simulink is carried out under various operations. Moreover, the proposed strategy is verified by real vehicle test. Results show that the proposed control strategy improves the automatic steering performance significantly.
However, due to potential danger of high-speed experiment, the experiment was carried at a relatively low speed under closed road conditions. Future work will focus on the longitudinal and lateral integrated coupling control of unmanned vehicles, obstacle avoidance path planning and tracking.
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